• Accurate, high-throughput phenotyping for quantitative traits is the limiting factor for 31 progress in plant breeding. We developed automated image analysis to measure 32 quantitative resistance to septoria tritici blotch (STB), a globally important wheat 33 disease, enabling identification of small chromosome intervals containing plausible 34 candidate genes for STB resistance. 35
Summary 30
• Accurate, high-throughput phenotyping for quantitative traits is the limiting factor for 31 progress in plant breeding. We developed automated image analysis to measure 32 quantitative resistance to septoria tritici blotch (STB), a globally important wheat 33 disease, enabling identification of small chromosome intervals containing plausible 34 candidate genes for STB resistance. 35
• 335 winter wheat cultivars were included in a replicated field experiment that 36 experienced natural epidemic development by a highly diverse but fungicide-resistant 37 pathogen population. More than 5.4 million automatically generated phenotypes were 38 associated with 13,648 SNP markers to perform a GWAS. 39 breeding approach that is expected to slow pathogen evolution and be more durable is to 98 make pyramids of quantitative resistance (QR) genes with additive effects (Mundt 2018) . 99
This approach requires the identification and deployment of QR that is effective across a 100 broad cross-section of the Z. tritici population as opposed to major gene resistance that works 101 against only a small fraction of the strains found in natural field populations. 102
103
Identification of QR is difficult for most pathogens for many reasons including: 1) 104 measurement error associated with eyeball assessments of disease; 2) inherent differences in 105 disease measurements conducted by different people; 3) differences in expression of QR in 106 different environments; 4) the occurrence of mixed infections by several pathogens under 107 typical field conditions, with overlapping symptoms that often cannot be teased apart (e.g. 108 STB symptoms look very similar to the symptoms associated with tan spot and stagonospora 109 nodorum leaf blotch). These factors combine to create a low heritability for QR that slows 110 progress in accumulating different sources of QR in breeding programs. . The position with the lowest E-value was assigned as 184 the marker position. In the case of ties where it was not possible to unequivocally assign a 185 marker to one of the homeologous chromosomes, the markers were omitted. Additional 186 filtering criteria to choose SNPs for the GWAS were: a call rate of > 95 % per marker, > 5 %quality SNP markers were used for the GWAS. Haplotypes were identified using a sliding 190 window of three consecutive SNPs with PLINK (Purcell et al. 2007 ) and tested using linear 191 regression models. GWAS Manhattan plots were constructed using R (version 3.5.1, R core 192 team, 2018) with ggplot2 (version: 3.1.0. Wickham, 2016) . Bonferroni thresholds were 193 calculated using P/N (0.05/13,648) yielding a LOD (-log10 were at or above the Bonferroni threshold across all traits based on the GWAS. Marker-trait 248 associations were calculated using sliding windows including three consecutive SNPs. 249
Among these, 52 haplotypes were at or above the Bonferroni threshold. Further evaluation of 250 the 52 haplotypes revealed overlaps that were combined to produce a non-redundant set of 26 251 chromosome segments that explained from 1.9% to 10.6% of the overall variance associated 252 with each resistance trait (Table 1) . 253
254
For the PLACL trait that reflects the ability of a wheat cultivar to limit the degree of necrosis 255 caused by an STB infection, 14 SNPs identified 4 different genomic positions distributedLOD score of 9.2 and explained 10.3% of the total variance associated with PLACL (Table  258 1). For the ρlesion trait that reflects the ability of a wheat cultivar to restrict Z. tritici 259 reproduction, 51 SNPs identified 13 genomic positions located on chromosomes 2B, 4A, 5D, 260 6A, 6B, 6D and 7B, with LOD scores ranging from 5.5 to 7.1. Interval 15 on 6B had the 261 highest LOD score and explained 9.3% of the total variance associated with ρlesion. these trials, the experimental plots were inoculated with a small number of Z. tritici isolates 383 that were sprayed when all wheat genotypes had fully extended flag leaves (i.e. GS >41) a 384 few weeks before scoring for STB resistance. As a result, the associations identified in those 385 experiments are likely to be strain-specific and represent the outcome of a single cycle of 386 infection based on a high dose of artificially applied blastospore inoculum. Similarly, most 387 experiments that identified STB genes with major effects were based on greenhouse 388 inoculations of seedlings by a single pathogen strain and used disease scores made at a single 389 point in time, leading to identification of genes that encode seedling resistance to the strain 390 used in the experiment. It is now clear that natural field infections of STB are caused by 391 many millions of Z. tritici strains, with a different strain occurring on each infected leaf, onsignificant STB resistance associations identified in our experiment were based on a natural 394 epidemic that included at least six cycles of pycnidiospore infection by a highly diverse 395 population of the pathogen and included two time points during epidemic development. We 396 believe that the STB resistance identified in our experiment is more likely to be broadly 397 applicable under natural field conditions and hence more useful in breeding programs aiming 398 for stable STB resistance. 
